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Sediment and moraine formation in the Mt. Achernar blue ice region
The first key point is that blue ice moraines are associated with blue ice areas, where sublimation dominates mass balance, as discussed in the main text (Whillans and Cassidy, 1983; Chinn, 1991 Chinn, , 1994 Cassidy et al., 1992; Sinisalo and Moore, 2010; Fogwill et al., 2011; Campbell et al., 2014; Hein et al., 2016) . In Figures 1C and DR1A, the conceptual model of how such moraines form is based on extensive descriptions and concepts in these prior publications, and observations locally at Mt. Achernar (Scarrow et al., 2013; Bader et al., 2017) . At this site, observations indicate that sediment entrained in and transported by the underlying ice is exposed at the surface over time via sublimation. On average 20% of pebbles on the moraine surface are faceted and/or striated suggesting a mix of basal and englacial transport (Bader et al., 2017) .
The second key point is that the surface sediments overlie ice. The age progression implies that debris accretes laterally over time, which is consistent with the provenance-based interpretation of Bader et al. (2017) . The debris also thickens with time (Scarrow et al., 2013; Bader et al., 2017 ). Yet, in comparison to moraines directly overlying bedrock − as is typically the case for "non-blue ice moraines" -the sediment-moraine shown in Figures 1 to 3 overlies ice that remains contiguous with the active Law outlet glacier. Bader et al. (2017) inferred the innermost 1-2 km of sediment-moraine (clean) is still most actively connected to the Law Glacier and connecting debris.
Thus, at Mt. Achernar, major changes in the elevation of the Law (and contiguous EAIS) glacier surface would be expected to alter markedly the flow in the ice underlying the sedimentmoraines. For example, increases in ice elevation (thickening of Law Glacier) eventually may deform the moraine bands as observed in other areas (Chinn, 1991 (Chinn, , 1994 . For comparison, large decreases in ice elevation (thinning of Law Glacier) would result in reversal of flow and carry the surficial moraine out of the area.
At Mt. Achernar, not only are the bands quasi-continuous, mimicking the present moraineactive ice boundary, but there are bands of discrete petrologic compositions for several kilometres in places (Bader et al., 2017) ; these are visible in Figures 2 and DR3 . Thus, we infer that the relatively undeformed nature of the moraine bands (including compositional bands) at Mt. Achernar reflects a long-lasting stability of ice flow from the respective ice sources. Bader et al. (2017) also discussed in detail other changes in moraine morphology and sediment provenance (Fig. DR1A ). For example, they documented that relatively minor changes indeed occurred in ice behaviour (<40 m surface elevation), as shown in Figure 3 and discussed in main text of this paper. However, such changes were not enough to deform or drain the blue ice moraine at Mt. Achernar (Chinn, 1991 (Chinn, , 1994 . Based on the evidence, Bader et al. (2017) concluded the Law Glacier has tapped into and eroded successively lower stratigraphic units of the Beacon Supergroup (Fig. DR1A) .
Last, on sunny days, minor amount of supraglacial melting was observed. The melting appears to be associated with the dark debris, especially near the boundary between the moraine and clean Law Glacier (Fig. DR2E) . Also, a minor amount of melting was observed in the youngest (10 3 time scale) zone during the 2016/2017 austral summer. The relationship between melting and boulder/clast history, if any, is not yet clear.
Cosmogenic nuclide data
In austral summer 2010/2011, we collected quartz bearing sandstones and pyroxene bearing dolerites that appeared relatively stable (Figs. DR1, DR2 ). For example, we preferentially selected boulders away from hummocks. If necessary, we sampled the top of a hummock. We also preferred large table-shaped rectangular boulders (Fig. DR2) ; the idea is that although such boulders may have shifted somewhat, they are less likely to have completely flipped over, exposing a new side. Shifting of boulders could lead to ages being minima for when they arrived at the surface.
Samples were collected close to the topographic profile shown in Figure 2 (or DR4), which was the focus of provenance study in Bader et al. (2017) . All samples were collected within ~500 m of the profile. The profile was taken with a rover GPS backpacking system. We note that samples MAR-11-23 and -30 are indeed on two different ridges, separated by a depression, as shown on Figure 3 (DR4), although they may appear to be on the same ridge given the scale of Figure 2B .
Samples were taken from the upper 1-3 cm from the most stable-looking flattish section, and if possible the center, of the boulder's top surface. Samples were collected with hammer and chisel. The azimuthal elevations of the surrounding landscape were measured using a compass and clinometer. We used a Trimble GPS system relative to the WGS 1984 datum to measure position including altitudes. All measurements were corrected differentially using continuous data from a base station set up at a semi-permanent camp for the field season. Post-processed uncertainties (1σ) are <1 m for latitude-longitude and altitudes.
Regarding geologic effects on ages, first all ages assume no erosion. As Antarctica has some of the lowest erosion rates on Earth, this is negligible on the time scale discussed here. Some of the boulders are still striated (e.g., MAR-11-18, ~ 6-5 ka). Nonetheless, we point out that if we assume an erosion rate of ~10 cm Ma -1 , the 5 ka and 550 ka ages (youngest and oldest) increase by <5 years and ~5%, respectively; an erosion rate of 20 cm Ma -1 causes an increase of by <5 years (0.08%) and ~10%, respectively. Also, we do not correct for snow cover on the boulders. We point out that this environment is one of the driest on Earth, and by definition blue ice areas contain generally little or no snow (Bintanja, 1999) . Although some snow may accumulate in small depressions, we avoided such spots. On the other hand, Hagen (1995) noted 1 young outlier of ~15 ka could be explained by the fact it was collected from a depression with snow ( Fig. 2A) . Be, 26 Al Details of processing and age calculations are provided in Tables DR1 and DR2 and shown  on Figures 2 and 3, DR3 , and DR4. Samples were processed using standard methods (Schaefer et al., 2009 ) and measured at the Center for Accelerator Mass Spectrometry at Lawrence Livermore National Laboratory (CAMS-LLNL). For age calculations, we used the production rate published in (Kaplan et al., 2011) , which is the closest to Antarctica, at ~50°S. This rate is statistically indistinguishable from the other Southern Hemisphere production rate, derived in New Zealand at ~43°S (Putnam et al., 2010) . 3 
He
Processing of pyroxene separates followed the procedure outlined in Bromley et al. (2014) and Eaves et al. (2015 Eaves et al. ( , 2016 . Abundance and isotopic analyses are performed with a MAP215-50 noble gas mass spectrometer (e.g., calibrated with a known volume of a Yellowstone helium standard (MM)). Details of measurements are provided in Table DR4 .
For simplicity, all ages presented in the main text do not account for noncosmogenic 3 He in the samples. That is, the ages are presented with the assumption all 3 He is cosmogenically produced. However, noncosmogenic helium components (nucleogenic and inherited [mantlederived]) may contribute a statistically significant contribution to the youngest samples in the study area (see next paragraph).
We emphasize, though, that the assumption of no nucleogenic or inherited helium has no effect on our conclusions. The reasons include: (i) critically, the findings also rely on 10 Be-26 Al ages (Figs. 2, 3 ). All three nuclides are in agreement that moraines steadily get older; (ii) any potential correction becomes smaller as the production rate (Putnam et al., 2010; Kaplan et al., 2011) and scaling scheme are used (e.g., on Figs. 2, DR3).
With regards to the long term, for example, 10 5 year-time scale or oldest ages on Figure 2 , we do not know if the production rate has changed significantly. However, we emphasize the following. First, long-term changes are likely to be reduced at 85°S, because one of the most important effects on in situ production is a change in the geomagnetic field. Changes in the field strength are most important at the lowest latitudes. Whereas, Mt. Achernar is close to the south geographic and geomagnetic pole. Second, such production rate changes would not affect our main conclusions.
Prior cosmogenic ages in Hagen (1995) In one of the earliest cosmogenic dating studies in Antarctica, Hagen (1995) obtained a 10 Be and 26 Al dataset (Fig. 2) . All the data in Hagen (1995) were recalculated (Table DR3 ) based on the up-to-date cosmogenic nuclide systematics discussed above. Similar to the new data (Tables DR1  to DR2 ), all of the previously obtained 26 Al/ 10 Be concentration ratios overlap with the constant exposure line (Fig. DR5 ). This result also supports our conclusion these subglacially-derived samples do not contain a complex exposure/burial history. Figure 1C) . The inferences in Figures  1C and DR1A are based on extensive descriptions in prior publications (Whillans and Cassidy, 1983; Cassidy et al., 1992; Fogwill et al., 2011; Chinn, 1991 Chinn, , 1994 Campbell et al., 2014; Hein et al., 2016; Bader et al. 2017 ). This figure shows the exposed 800 m thick bedrock (Faure and Mensing, 2010) and inferred (ice-covered) bedrock stratigraphy. Dark horizontal bands represent Ferrar dolerite sills, three of which are exposed. Black arrows show hypothesized debris transport pathways that explain the source of compositional changes in till across the moraine. This model highlights the sub-and englacial origin of the moraine sediment and spatio-temporal shift to debris sources lower in the bedrock stratigraphic section as new till accumulated toward what is the present-day Law Glacier margin. B: A photograph of the emerging debris band in the lower right of Figure 1B . Note that the substantial distance to the headwall (Mt. Achernar) indicates there is no local source of rockfall and the debris building up on the ice surface must be englacially or subglacially derived (cf., Fig. A) . C) A photograph of a recently emerging band next to the icemoraine boundary. Photos of boulders with the youngest (B-C) and oldest (D) exposure ages. We tried to sample preferentially boulders with a flat table shape, if possible, given it may be more difficult for them to completely turn over (e.g., C). Note the oldest boulder (D) has the "most oxidized" top and it is surrounded by strongly oxidized material. In contrast, the younger samples shown in B and C, and their surroundings, lack the red oxidation of the older deposit. E: A photo that shows running water on the ice surface, January, 2011, indicating a minor amount of melting occurs in the summer close to where darker debris exists. He (e.g., nucleogenic, magmatic), i.e., <6.7 ka equivalent age. This value is from the two youngest statistically identical samples, MAR-11-01 and 02, shown here in the lowermost left of panel B, and Figure 2B , and presented in Table DR4 . This concentration was then subtracted from each sample's concentration, and the ages recalculated. The boundary between Law and Lewis ice is marked in yellow, which is uncertain in places (question mark). Dashed line in panel B represents profile in Figure DR4 He (nucleogenic or inherited, i.e., a maximum of 6.7 ka equivalent exposure 3 He age). This value is based on the two youngest samples, MAR-11-01 and 02 (Table DR4) . This 3 He concentration is then subtracted from each sample's 3 He concentration (atoms/g), and then the 3 He ages are recalculated. As in Figure 2 , it is assumed the ~190 ka 10 Be age from 5.6 km may be an outlier (see text). Panels (A) and (B). Same as panels in Figure 3A and B in the main text but assuming each Al data indicate the same result given overall age concordance. The key point of these four panels is to show the agreement of all 3 nuclides that the moraines steadily get older with distance from the relatively clean surface of the Law Glacier margin. Be concentrations (atoms/g). The ratios are standardized (*) to 6.75, the Be-10 concentrations are relative to 07KNSTD and sea level high latitude (Balco et al., 2008) . The plot indicates in a broad sense the samples do not indicate a complicated longterm history of exposure and burial (at least periods of burial greater than ~100,000 years). The data error envelops are 1 analytical uncertainty.
Most ratios overlap with the continuous exposure line. 5 out of 15 ratios are slightly higher than the continuous exposure line, at 1confidence level). However, 14 of 15 ratios overlap at 2confidence level. The ratio of sample MAR-11-22 is not shown, as it lies above the plot. We are not sure of the reason 6 out of 15 samples, including MAR-11-22, provide slightly higher ratios (equivalent to >6.75 in Table DR1 below) at 1 than those represented along the continuous exposure line; especially, as most of the slightly-high ratio samples are in the first batch analyzed (Table DR1) .
Note: Procedural blanks shown were processed identically to the samples, with one or two blanks accompanying each sample batch, respectively. Al ages calculated using the Southern Hemisphere production rate in Patagonia at ~50°S (Kaplan et al., 2011) and methods discussed in (Balco et al., 2008) , including the constant production rate model ('St' scaling scheme) of Lal (1991 )/Stone (2000 . Although we use the rate in Kaplan et al. (2011) because it is at a higher latitude, it is statistically identical to the other Southern Hemisphere production rate, obtained in New Zealand (Putnam et al., 2010) If other scaling schemes are used (Balco et al., 2008) , this has no effect on our conclusions. Age uncertainties include internal analytical error only. Uncertainties for production rate are ~3%. MAR-11-14 was measured twice to test reproducibility. Note: We round off latitude and longitude because Hagen (1995) did not provide coordinates (prior to handheld GPS systems). To consider this uncertainty in position, for Figure 2 (and DR3), we draw a ~1 km circle round the approximate area indicated in Hagen (1995) . We use a sample thickness of 1 cm and we do not correct for topographic shielding, given no values were provided. We assume shielding is similar to the data in Table DR1 . These approximations have no effect on our findings and conclusions. Be ratios shown relative to 07KNSTD. Ages are calculated the same way as those in Table DR2 . -11-10 191100 ± 2910 207600 ± 4210 MAR-11-18 5000 ± 100 5500 ± 420 MAR-11-26 182500 ± 2690 204700 ± 5930 MAR-11-30 52100 ± 1240 55200 ± 1320 MAR-11-37 103700 ± 1350 109300 ± 2240 MAR-11-14a 552300 ± 7000 517400 ± 12600 MAR-11-14b 555200 ± 7000 536700 ± 13200 MAR-11-17 6360 ± 190 5890 ± 620 MAR-11-33 37700 ± 500 35500 ± 1220 He ages calculated using global production rate in Goehring et al. (2010) , which incorporates the mid-high Southern Hemisphere rate obtained in Ackert et al. (2003) . This rate was recently confirmed by Eaves et al. (2015) . Ages are based on 'St,' (same as 10 Be-
26
Al ages), the constant production rate scaling scheme (Lal, 1991 /Stone 2000 , although this has no effect on our conclusions. Age uncertainties include internal analytical error only.
MAR-11-08, MAR-11-23, MAR-11-48, and MAR-11-21 were each measured twice [(1) and (2)]: To test reproducibility between different preparers, MAR-11-48 and 21 were both processed twice, each time by a different person; the two respective analyses overlap at 1-2 analytical uncertainty, and we show an average age on all Figures. For MAR-11-08 and 23, we averaged two machine measurements on the same sample, which also overlap at 1 analytical uncertainty.
Last, for Figures DR3 and DR4 above, the average of the identical concentrations in MAR-11-01 and MAR-11-02 is used as a maximum possible value for noncosmogenic component of Letters, v. 210, Bader, N.A., Licht, K.J., Kaplan, M.R., Kassab, C.,and Winckler, G., 2017, East Antarctic Ice Sheet stability since the mid-Pleistocene recorded in a high-elevation ice-cored moraine, accepted pending minor revisions, Quaternary Science Reviews, v.159, Balco, G., Stone, J.O, Lifton, N.A., and Dunai, T.J., 2008 , A complete and easily accessible 
